4 Social insects are notable for having two female castes that exhibit extreme differences in 4 5 their reproductive capacity. The molecular basis of these differences is largely unknown. A 4 6 protein that likely plays a key role in these differences is Vitellogenin (Vg), a powerful 4 7 antioxidant and insulin-signalling regulator. Here we investigate how Royal Jelly (the major 4 8 food of honeybee queens) and queen pheromone (a major regulator of worker fertility), 4
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High ovary activation and short lifespan in workers fed Royal Jelly 2 3 8 Ovary activation score was significantly higher in workers fed the Royal Jelly diet 2 3 9 compared to workers fed the Control diet (p < 0.001; figure 1a and supplementary table 3). In 2 4 0 addition, the ovary activation score was significantly higher in workers not exposed to QMP 2 4 1 compared to workers exposed (figure 1a, p < 0.05, see supplementary 1) .
The Royal Jelly diet reduced the lifespan of workers in both colonies (p < 0.0001 2 5 1 Mantel-Cox test followed by Bonferroni correction for multiple comparisons, figure 2). 2 5 2 Differences between workers exposed or not to QMP was only found in bees fed Royal Jelly 2 5 3 from source colony A (p < 0.0001 Mantel-Cox test followed by Bonferroni correction for 2 5 4 multiple comparisons, figure 2a). 2 5 5 2 5 6 Vg expression in the ovaries of workers is affected by their diet and social environment 2 5 7 Unlike previous studies (Corona et al., 2007; Guidugli et al., 2005b) we find that Vg 2 5 8 is expressed in the ovaries of adult honeybee workers (figure 3a and figure 3b). Vg 2 5 9 expression in the ovaries of adult workers is affected by both QMP (p < 0.05; figure 3b and 2 6 0 supplementary table 4) and diet (p < 0.001; figure 3b and supplementary table 4) with no 2 6 1 significant interaction between the two main effects (p = 0.8). In the presence of both QMP 2 6 2 and the Royal Jelly diet, workers had significantly higher expression of Vg in their ovaries 2 6 3 compared to the other three treatment groups: QMP + /Control diet (comparison of least square 2 6 4 mean, p < 0.01 after Bonferroni correction); QMP -/Control diet (p < 0.001) and QMP -/Royal 2 6 5 Jelly diet (p < 0.01). In addition, Vg expression was significantly higher in QMP -/Royal Jelly 2 6 6 diet workers compared to workers from QMP -/Control diet treatment (p < 0.01). There was 2 6 7 no significant difference in the expression of Vg between the two primer sets (p = 0.76, VgP1: 2 6 8 figure 3b and VgP2: supplementary figure 2). 2 6 9 VgR expression is affected by both QMP (p < 0.05; figure 3c and supplementary table 2 7 0 4) and diet (p < 0.001; figure 3c and supplementary table 4) with no significant interaction 2 7 1 between the two main effects (p = 0.57). VgR expression was significantly higher in the 2 7 2 treatment combination of Royal Jelly diet with no QMP compared to all other treatment 2 7 3 combinations (p < 0.01, figure 3c ). In addition, VgR expression was significantly higher in 2 7 4 the treatment with Royal Jelly diet and QMP + compared with the Control diet and QMP + (p < 2 7 5 0.001). 2 7 6 2 7 7 Vg expression is lower in activated ovaries whereas VgR is higher 2 7 8
We investigated the effect of ovary activation on the expression of Vg and VgR within the 2 7 9 QMP -/Royal Jelly treatment group to avoid the confounding factors of diet and social 2 8 0 environment. Vg expression was significantly lower in activated ovaries compared to non-2 8 1 activated ovaries (p = 0.004; figure 3b inset, supplementary figure 2 inset and supplementary 2 8 2 table 4). In contrast, expression of VgR was significantly higher in activated ovaries 2 8 3 compared to non-activated ovaries (p = 0.0033; figure 3c inset). 2 8 4 2 8 5
Royal jelly alters the expression of putative Vg regulators 2 8 6 Vg expression in the ovaries of workers is not significantly correlated with the 2 8 7 expression level of its receptor, VgR (r 2 = 0.16, p = 0.15, supplementary figure 3). To gain 2 8 8 insights into the regulatory control of Vg transcription in the ovaries of workers, we examined 2 8 9 the expression of three additional potential Vg regulators. Firstly, the expression of Kr-h1 was 2 9 0 affected by both QMP exposure (p < 0.0001, figure 4a and supplementary table 5) and Royal 2 9 1 Jelly diet (p < 0.0001, figure 4a and supplementary table 5). We found no interaction between 2 9 2 the two main effects (p = 0.16). Interestingly, the QMP effect was suppressed in the workers 2 9 3 fed Royal Jelly (p = 0.32). Secondly, the expression of Dnmt3 is influenced by QMP 2 9 4 presence (p < 0.0001; figure 4b and supplementary table 5). We found an interaction between 2 9 5 QMP and diet (p < 0.05). Dnmt3 is upregulated in the QMP + /Control diet in relation to all 2 9 6 other groups (comparison of least square mean, p < 0.01 after Bonferroni correction). Similar 2 9 7
to Kr-h1, Royal Jelly suppressed the effects of QMP exposure on Dnmt3 expression. Thirdly, 2 9 8 the expression of FoxO was only affected by diet (p < 0.0001, figure 4c) with no significant 2 9 9 interaction between diet and QMP (p = 0.08). FoxO expression was higher in QMP -/Control 3 0 0 diet workers compared to those fed Royal Jelly (comparison of least square mean p < 0.05 3 0 1 after Bonferroni correction). In addition, FoxO expression was lower in QMP -/Royal Jelly 3 0 2 diet treatment compared to QMP + /Control diet (p < 0.0001 after Bonferroni correction). 3 0 3
We also investigated whether Vg expression in the ovaries of workers is correlated 3 0 4 with the expression of its potential regulators (supplementary figure 3). Vg expression was 3 0 5 negatively correlated with the expression of Kr-h1 (r 2 = -0.28, p = 0.01, supplementary figure 3 0 6 3) but not correlated with expression of Dnmt3 (r 2 = 0.12, p = 0.28, supplementary figure 3) 3 0 7 nor expression of FoxO (r 2 = 0.1, p = 0.36, supplementary figure 3 Guidugli- Lazzarini et al., 2008) . Translocation of large amounts of Vg into the ovaries to 3 2 5 nourish developing oocytes may supress transcription of Vg in situ. Second, and more 3 2 6 speculatively, it is known that Vg influences the population of micro-RNAs in the honeybee 3 2 7 brain and fat body, and by this means Vg may influence gene expression in these tissues 3 2 8 (Nunes et al., 2013) . Thus, Vg may be responsible for regulating the microRNA population 3 2 9 in ways that control ovary activation state. We therefore suggest that Vg has a signalling role 3 3 0 in the ovaries of workers, providing additional evidence that the ovary regulates the 3 3 1 behaviour of worker honeybees (Corona et al., 2007; Page, 2013; Vergoz et al., 2012 -Júnior et al., 2018; Corona et al., 2007) , is mainly regulated by post-3 5 1 translational modification and sub-cellular reallocation (van der Heide et al., 2004) . We 3 5 2 found that FoxO transcription is reduced in adult workers fed Royal Jelly (this study) as has 3 5 3 been previously shown in honeybee larvae (Wheeler et al., 2014) . We suggest that FoxO 3 5 4 negatively regulates Vg in adult honeybee workers (but see (Corona et al., 2007) ). We note 3 5 5 that in general, insects fed highly nutritious diets switch on the insulin/IGF1 pathway, which 3 5 6 leads to the inactivation of FoxO activity by translocating it to the cytoplasm (Essaghir et al., 3 5 7 2009; Sheng et al., 2011) . Together, these results suggest that Royal Jelly acts through 3 5 8 epigenetic, physiological and signalling pathways to increase Vg expression. 3 5 9
The diet and social environment of adult honeybee workers have an antagonistic 3 6 0 effect on the activation of their ovaries (Lin and Winston, 1998; Ronai et al., 2016a) .
Workers fed a diet containing Royal Jelly activate their ovaries despite the presence of QMP. 3 6 2
The Royal Jelly diet appears to counteract the degeneration of the germ cells that normally 3 6 3 occurs in the ovaries of workers exposed to QMP ( figure 1b, 1c Reproduction may not be costly for queen honeybees since they have unlimited access to a 3 7 0 highly nutritious diet of Royal Jelly. If a diet of Royal Jelly increases Vg expression in 3 7 1 queens, as we have shown here for workers, then high levels of the Vg protein are likely to 3 7 2 act as an anti-oxidant (Corona et al., 2007; Seehuus et al., 2006) and for energy storage While it is difficult to experimentally test the effects of Royal Jelly in the diet of laying 3 7 5 queens, since this is their sole food, our study provides a starting point to uncover the 3 7 6 nutrigenomic effects of Royal Jelly in honeybees. Curiously, while a low-dose diet of Royal 3 7 7
Jelly increases the lifespan of honeybee workers (Wang et al., 2014; Yang et al., 2017 ) and 3 7 8 other invertebrates (Honda et al., 2011; Wang et al., 2015; Xin et al., 2016) , we found that 3 7 9 workers fed a higher dose of Royal Jelly have shorter lifespans. A likely explanation for these 3 8 0 contrasting results is that workers cannot tolerate high concentrations of Royal Jelly (Shorter  3  8  1  et al., 2015; Yang et al., 2017) . Alternatively, consumption of Royal Jelly may hasten 3 8 2 behavioural maturation and workers that are physiologically older are less tolerant of protein 3 8 3 in their diets (Paoli et al., 2014) . 3 8 4
In conclusion, our finding suggests that the role of Vg in the non-activated ovaries of 3 8 5 adult honeybee workers is not as an egg-yolk precursor protein but for other functions. Our 3 8 6 study also provides further support for the 'reproductive ground plan' hypothesis, which 3 8 7 argues that gene networks that once regulated fertility now regulate behavioural maturation in 3 8 8 the worker caste among other functions (Amdam et al., 2006; Hunt and Amdam, 2005 Ronai, I., Oldroyd, B.P., Vergoz, V., 2016a. Queen pheromone regulates programmed cell 5 9 0 death in the honey bee worker ovary. Insect Molecular Biology, 25, 646-652. 5 9 1 Ronai, I., Vergoz, V., Oldroyd, B.P., 2016b. The mechanistic, genetic, and evolutionary basis 5 9 2 of worker sterility in the social Hymenoptera. Advances in the Study of Behavior, 48,
